L
sr2, a 15-kDa basic protein of Mycobacterium leprae, has been reported to be immunodominant in leprosy (1, 2, 3) . As M. leprae is not cultivable by conventional means, it became feasible to study the biological functions of Lsr2 after homologues were identified in cultivable strains of mycobacteria. In recent years, Lsr2 has been reported in all sequenced mycobacteria (4, 5) and mycobacteriophages (6, 7) . That lsr2 is an essential gene was shown in Mycobacterium tuberculosis, an important human pathogen for which lsr2 deletion was not compatible with survival (8, 9) . Lsr2 is a transcription regulator and influences gene expression. It binds to AT-rich regions of chromosomal DNA (9, 10) and physically protects the DNA from damage by reactive oxidative intermediates (11) , targets virulence genes (9, 12) , influences cell wall synthesis and biofilm formation (4) , and affects drug resistance (8) . Lsr2 is upregulated under stress conditions such as iron increase (13) , nutrient starvation (14) , and high temperatures (15) .
The protein encoded by the lsr2 gene is recognized by antibodies and T cells of leprosy patients (1, 2, 3, 16, 17, 18) . Leprosy is characterized by a clinicopathological spectrum wherein some patients present with localized depigmented hypoanesthetic skin patches (polar tuberculoid [TT] and borderline tuberculoid [BT] leprosy), whereas other patients have generalized involvement and show bacilli (polar lepromatous [LL] and borderline lepromatous [BL] leprosy) in lesions; a fifth form, called borderline borderline (BB), also shows bacilli (19) . It is now established that lepromatous leprosy patients have antibody responses but not CD4
ϩ T cell-mediated responses to the causative organism. The T cell unresponsiveness is uniquely directed against M. leprae and not against other mycobacteria/antigens. Though many patients remain clinically stable throughout the disease period, about 15 to 20% of patients with leprosy suffer from two types of leprosy reactions. Reversal reactions (RR) (type 1) occur mainly in borderline types of leprosy (BT, BB, and BL), and episodes termed erythema nodosum leprosum (ENL) (type 2) reactions occur in both borderline and polar lepromatous leprosy (20) . Whereas RR is localized to the skin lesions and neighboring peripheral nerves, patients with ENL present with generalized signs of fever, disseminated skin nodules, and joint pains. Selective sequences of Lsr2, as determined by synthetic peptides, were uniquely recognized by antibodies of leprosy patients undergoing episodes of ENL (16) . While the antigen-specific anergy to M. leprae has been intensely investigated, it is of interest that during reactional episodes such patients show transient Th1 responses to specific M. leprae antigens (21) .
Some patients with lepromatous leprosy who showed unre-sponsiveness to M. leprae nevertheless responded to recombinant Lsr2 and its peptides (1) , which indicated the possibility in these patients of restitution of T cell responses by selective epitopes of M. leprae. The present investigation was undertaken with end-toend Lsr2 peptides with a view to dissecting the T cell recognition of Lsr2 during the natural immunological perturbations that occur in leprosy reactions. Peripheral blood mononuclear cells (PBMCs) from patients with ENL and RR were stimulated with M. leprae and recombinant Lsr2, and six end-to-end synthetic peptides (A through F) spanning the Lsr2 sequence were evaluated as in vitro correlates of CD4 ϩ T cell function with assays of lymphoproliferation and gamma interferon (IFN-␥) release.
MATERIALS AND METHODS

Subjects.
A total of 21 patients with multibacillary leprosy attending the Voluntary Health Services (VHS) Leprosy Project, Shaktinagar, Periyar District, Tamil Nadu, India, were included in the investigation (Table 1) . The study was approved by the institutional ethics committees of VHS and the All India Institute of Medical Sciences. Informed consent was obtained from the patients before the collection of samples. Subjects who met the inclusion criteria were adult patients who consented to the study, gave assurance for regular clinical follow-up, and showed no clinical evidence of hypertension, diabetes, and other infectious diseases such as tuberculosis, HIV, or helminth infections. Exclusion criteria were age below 15 years, pregnancy, and anemia.
Among the patients with leprosy reaction included in the study, the leprosy in 13 patients was classified as polar lepromatous leprosy (LL), in 7 patients as borderline lepromatous leprosy (BL), and in 1 patient as borderline borderline leprosy (BB). Five and 16 patients, respectively, had RR and ENL leprosy reactions (16 males and 5 females aged 20 to 57 years). All patients with ENL were studied during the reaction episode (time [t] ϭ 0) and at 0.5 and 1 year after the onset of reaction. Patients with RR were investigated only at the time of reaction. Patients were investigated within 4 days of the onset of reaction and before receiving antireaction therapy. The follow-up studies were undertaken well after the therapy was completed. The patients were classified for the type of leprosy and reaction types on the basis of clinical and histopathological examination of the skin lesions per the Ridley Jopling classification (19, 20) . Patients 14 and 15 were also investigated at 4 and 3 months prior to the onset of ENL and patients 5 and 6 at 5 and 1.5 years post-ENL episode.
The patients received antileprosy multidrug therapy (MDT) consisting of 100 mg of dapsone daily, 100 mg clofazamine on alternate days, and 600 mg of rifampin monthly prior to and during reactions, as indicated in Table 1 . During the reaction episodes, the patients received additional steroids for 12 weeks per WHO guidelines, which consisted of tapering doses of corticosteroids every 2 weeks starting at 40 mg daily and ending at 5 mg daily for weeks 11 and 12.
Antigens. Heat-killed integral M. leprae was kindly provided by P. J. Brennan (Colorado State University, Fort Collins, CO). The Lsr2 protein obtained from the pQE9 clone was kindly provided by Josie Clarke Curtiss, Washington University, St. Louis, MO, and purified as described earlier (1) . In brief, the His-tagged Lsr2 protein was purified from lysates in a slurry of Ni-iminodiacetic acid (IDA) resin with buffer containing various concentrations of imidazole per the manufacturer's instructions (Qiagen Inc., Chatsworth, CA). The pooled dialyzed fractions were suspended in endotoxin-free phosphate-buffered saline (PBS) and checked for purity in 12% SDS-PAGE gels and for reactivity by Western blotting (i) Lymphoproliferation assay. As described earlier (1), PBMCs were separated by density gradient centrifugation on Histopaque (Sigma-Aldrich, St. Louis, MO), washed in Hank's balanced salts solution (HBSS) and resuspended in RPMI 1640 (Gibco-BRL, MD), with 10% AB serum, 2 mM L-glutamine, 100 units of penicillin (Alembic Chemicals, India), and 100 g streptomycin (Sarabhai Chemicals, India). Staining with 0.2% trypan blue dye exclusion showed 95 to 98% cell viability. We dispensed 1 ϫ 10 5 cells/well of PBMCs in triplicate at a volume of 100 l into 96-well sterile flat-bottom culture plates (Nunc, Intermed, Kampstrup, Denmark) as cells alone or with 25 l each of integral heat-killed armadilloderived M. leprae at a concentration of 5 ϫ 10 6 bacilli/ml, Lsr2 at 1 g/ml, or synthetic peptides at a concentration of 50 g/ml. The optimal concentrations of antigens and time periods of cultures had been determined as reported earlier for 5 healthy individuals and 10 patients with tuberculoid and 10 with lepromatous leprosy (1). Cultures were incubated for 5 days at 37°C in humidified air containing 5% CO 2 . The cultures were pulsed with [ 3 H]thymidine (2 Ci/mM; Amersham International, Buckinghamshire, United Kingdom) for 16 to 18 h prior to harvesting on glass fiber discs (Whatman GF/C, Maidstone, England, United Kingdom), by a semiautomatic PHD cell harvester (Cambridge Technology, Inc., Cambridge, MA). The incorporated radioactivity was assessed by liquid scintillation counting on an LKB Rackbeta 1209 counter (Piscataway, NJ) using toluene-based scintillation counting fluid. The counts per minute (cpm) were obtained, and the results are given as the mean change in cpm (⌬cpm) Ϯ the standard deviation (SD), the mean cpm of stimulated cultures minus the mean cpm of unstimulated cultures, and the stimulation index (SI) (mean cpm of stimulated cultures/mean cpm of unstimulated cultures). An SI value of Ͼ2 was considered a positive response based on a P value of Ͻ0.001 obtained using receiver operating characteristic (ROC) analysis.
(ii) IFN-␥. PBMCs were cultured as described above for 48 h, which was found to be the optimum time in preliminary experiments undertaken in patients with tuberculoid and lepromatous leprosy as described earlier (1) . The supernatants were centrifuged to remove cell debris and stored at Ϫ20°C until further use. IFN-␥ was assayed in triplicate per the manufacturer's instructions (Quantikine enzyme-linked immunosorbent assay [ELISA]; R&D Systems Europe, Ltd., Abingdon, United Kingdom), with a sensitivity of 8 pg/ml.
Identification of IFN-␥-producing cells was established by flow cytometry using Lsr2 and M. leprae as the antigens in 3 representative patients with ENL undergoing reactions. PBMCs were cultured as above at 37°C for 48 h in the presence of Lsr2 and M. leprae. Golgi Stop (BD Biosciences, San Diego, CA) was added 8 h prior to harvest, and then cells were washed three times and resuspended in stain buffer. Aliquots of 50 l of 1 ϫ 10 6 /ml cells were first incubated for surface staining for 30 min on ice with fluorescent conjugated antibodies (BD Biosciences) consisting of anti-human CD3 (peridinin chlorophyll protein/PerCP-Cy 5.5 labeled), anti-human CD4 (allophycocyanin/APC-H7 labeled) and anti-human CD8 (phycoerythrin [PE]/PE-Cy 7 labeled). Cells were washed as before and then fixed and permeabilized in Cytofix/Cytoperm (BD Biosciences), followed by intracellular cytokine staining using fluorescein isothiocyanate (FITC)-labeled anti-IFN-␥ per the manufacturer's instructions. Flow cytometry was performed using BD FACS Aria (BD Biosciences). Stained cells were gated for CD3 ϩ cells and analyzed for intracellular IFN-␥ containing CD4 ϩ and CD8 ϩ phenotypes. (iii) HLA-A, -B, and -DRB1 polymorphisms. Alleles of HLA-A, HLA-B, and HLA-DRB1 were studied using PCR followed by hybridization with sequence-specific oligonucleotide probes as described earlier (22, 23) using a bead-based technology (Luminex, Austin, TX) following the manufacturer's instructions (LABType SSO kit from One Lambda, Canoga Park, CA). Briefly, 40 ng of DNA was amplified in master mix, primers, and 2 l of Taq DNA polymerase (5 units/l) in a PerkinElmer 2700 thermal cycler. The amplified product was run on 1% agarose gel to confirm amplification, and then 5 l of amplified product was hybridized with an appropriate amount of multiplex beads conjugated with oligonucleotide probes in hybridization buffer at 60°C for 15 min followed by washing and incubation with 50 l 1ϫ streptavidin phycoerythrin (SAPE) solution at 60°C for 5 min. Fluorescence of the labeled beads was acquired on a Luminex 2.2 flow cytometer (Luminex Corporation, Austin, TX). Acquired data were analyzed using LABType software (One Lambda) for analysis of HLA alleles. The latest nomenclature for the HLA system was used to designate the alleles of the three loci studied (24) .
Statistical analysis. The nonparametric statistical analyses used to evaluate significance were one-way analysis of variance (ANOVA), the Kruskal-Wallis test, the Wilcoxon signed-rank test, the two-tailed MannWhitney test, and Spearman's rank correlation coefficient, performed using GraphPad prism version 5. The differences were considered statistically significant at two-sided P values of Ͻ0.05.
RESULTS
That unresponsiveness to M. leprae may be overcome by selective constituents of the leprosy bacillus was indicated by earlier studies, wherein recombinant Lsr2 and its synthetic peptides were recognized in T cell assays performed in patients with lepromatous leprosy (1) . To further identify the regions of Lsr2 that are involved in T cell reactivity, Lsr2 and six end-to-end synthetic peptides (A to F) spanning its sequence were investigated in 21 patients undergoing leprosy reactions (Table 1) . Sixteen patients with ENL belonging to multibacillary polar (LL) and borderline lepromatous (BL) leprosy types were serially examined during an active reaction (t ϭ 0) and 0.5 and 1 year following the reaction, with care being taken to avoid the influence of steroids administered as antireaction therapy. Five patients with RR were investigated only during the reaction episode.
ENL reactions. (i) Ex vivo lymphoproliferative responses of PBMCs.
Sixteen patients with ENL (4 with BL and 12 with LL) were included in the study. Thirteen of the patients had previous episodes of ENL and had bacilli in skin lesions at the time of the study ( Table 1) . Figure 1 provides data on individual subjects and Table 2 overall data on the clinical group studied at 3 time points. It may be observed that, in general, patients with active ENL (t ϭ 0) showed lymphoproliferation in response to recombinant Lsr2 and Lsr2 peptides A through F as well as to M. leprae (Fig. 1) . Whereas 69% and 94% of patients showed responses to the whole recombinant Lsr2 protein and M. leprae, respectively (SI range, Ͻ2 to 10.5), peptides A and F elicited lymphoproliferation in 100% (SI, 2.1 to 15.7 and 2.0 to 13.2, respectively) and B, C, and D in Ͼ75% of patients with ENL, indicating that T cell epitopes of the leprosy bacilli are recognizable during ENL episodes (Table 2) . Peptide E was of interest; although it was recognized in only 88% of patients, it elicited the highest ⌬cpm and SI values among the antigens (Table 2 ; P of Ͻ0.05 to Ͻ0.001, ANOVA).
Individual subjects with ENL showed variations in the magnitude of SI and the number of antigens recognized (Fig. 1) . Thus, patients 5, 6, and 13 showed relatively higher SIs to all antigens (SI, Ͻ10). These patients had suffered previous ENL episodes (Table  1) but otherwise appeared to show no clinical or histopathological differences to explain the heightened responses. The observed response levels were much higher than those reported earlier in the same population of patients with lepromatous leprosy but without reactions (1) .
With a view to understanding the duration of heightened T cell responses, we investigated the same patients at 6 months (0.5 year) and 1 year following the episodes, when no clinical evidence of reaction was discernible. This time period amounted essentially to 3 and 9 months, respectively, after the conclusion of 12 weeks of antireaction therapy with steroids, and thus steroid-induced immune modulation was ruled out. In general, it was noticed that at 0.5 years, patients with ENL continued to show various levels of peptide stimulation ranging from Ͼ2.1 to 41, except for patients 14 and 15, who became unresponsive to all peptides (Fig. 1) . It is of interest that these patients had been examined 3 to 4 months prior to the present reaction episode and had shown nonresponsiveness to whole antigens as well as the peptides (data not provided). No statistically significant responses were observed for any of the peptides between time zero and the 0.5-year responses (two-tailed Mann-Whitney and Wilcoxon signed-rank tests).
By 1 year, there was a general decrease in lymphoproliferation, with individual patients showing lower SIs or SIs of Ͻ2 to different peptides. Five patients lost responsiveness to all peptides, although two of them responded to whole antigens (Fig.  1) . Comparison of responses to Lsr2 and its peptides at the 0-and 1-year time points showed significant decreases in the SI and ⌬cpm values (Table 2) (P Ͻ0.01 to 0.004, Wilcoxon signed-rank test). The percentages of responders to M. leprae (63%) and Lsr2 (75%) remained high, whereas the percentages of responders to peptides were reduced to 25 to 44% (Fig. 1) , which was within the range reported earlier for the same peptides in stable lepromatous patients from the same population (1). Patients 5 and 6 were also investigated at 5 and 1.5 years, respectively, when responses were not seen for any of the peptides and M. leprae. However, Lsr2 continued to be recognized (ii) IFN-␥ release in stimulated PBMC cultures. The IFN-␥ levels were concurrently investigated in the same patients at time zero and 1 year after their ENL episodes. ELISA was used to determine secreted IFN-␥ levels in culture supernatants of antigenstimulated PBMCs, which were analyzed at both the individual subject (Fig. 2) and ENL group (Fig. 3 ) levels for each antigen. During ENL episodes in general, stimulated PBMC cultures for all subjects showed IFN-␥ release. In agreement with lymphoproliferative data, IFN-␥ responses also showed wide variation for the same antigen. Some patients responded to all antigens with similar levels of IFN-␥, whereas other patients showed variable levels ( Fig. 2 and 3) (range, 52 to 1,842 pg/ml). Cytokine levels correlated well with lymphoproliferation (two-tailed Spearman correlation test) in the patient group. There was highly significant correlation between the two assays (P Ͻ 0.0001 with r ϭ 0.8861 for SI and P Ͻ 0.0001 with r ϭ 0.6510 for ⌬cpm). The r value for the two assays was best for peptide E (P Ͻ 0.0001 and r ϭ 0.84 for SI, P Ͻ 0.0005 and r ϭ 0.76 for ⌬cpm) compared to other peptides and antigens. There were significant decreases in the levels of IFN-␥ at 1 year after the ENL episode ( Fig. 2 and 3 ) for peptides A, C, D, and E (P Ͻ 0.001, Kruskal-Wallis test) and for peptide B and M. leprae (P Ͻ 0.01), with some subjects showing the lowest detectable level of 8 pg/ml. During ENL and at 1 year post-ENL, patient 12 had IFN-␥ responses for peptide E that were similar to the responses that patients 1 and 3 had for M. leprae. At these two time points Lsr2 did not show statistically significant reductions in the cytokine levels in the patient groups.
The responses of the whole ENL group were next analyzed for each of the antigens. Figure 3 , which presents the data as box plots with whiskers, confirms the wide variation in the groups for each antigen. The highest median values of ⌬IFN-␥ were noted with peptide E (375.5 pg/ml), followed in decreasing order by peptides A (332.5 pg/ml), F (313.5 pg/ml), D (311 pg/ml), C (179 pg/ml), and B (168 pg/ml). However, due to wide variations in values (ANOVA), statistically significant differences were not found between the peptides or whole antigens. Recombinant Lsr2 elicited lower median IFN-␥ values (229 pg/ml) compared to peptides and M. leprae (374 pg/ml). The ENL group as a whole also showed a decrease in IFN-␥ levels 1 year after the reaction episode. Peptides A to F elicited significantly lower levels of IFN-␥, with median values ranging from 10 to 17 pg/ml for peptides A through F (P Ͻ0.001 to Ͻ0.0001 by Kruskal-Wallis test). Lsr2 and M. leprae, respectively, elicited 40 pg/ml and 26.5 pg/ml. With a view to evaluating the major histocompatibility complex (MHC) binding potential of the above peptides, ENL patients were checked for their HLA genotypes for the HLA-A, -B, and -DRB1 loci. Of interest were four patients who had HLA-A*68:01. Three of the responders (patients 1, 2, and 4) who responded to all the peptides had HLA-A*68:01 along with HLA-A*02 alleles. Patient 7 responded to a few peptides and had HLA-A*68:01 along with HLA-A*23:02. Patient 11 also responded to a few peptides and did not have HLA-A*68:01. These results suggest that these peptides may bind to the HLA-A locus allele HLA-A*68:01, a finding which also is in consensus with the in silico HLA-binding data obtained from the SYFPEITHI program (http://www.ebi.ac.uk /cgi-bin/imgt/HLA/align.cgi), which showed the best binding to sequences in peptide E (81 to 89 aa), with a score of 21, followed by peptide B (35 to 43 aa) and peptide C (53 to 61), with scores of 20. Eleven ENL patients showed HLA-DRB1*1501 and HLA-DRB1*1502, with three patients also having HLA-DR13 and one having HLA-DR3 as the second allele. We previously described a similar HLA-DR profile in patients with leprosy from this population. Using HLAPred software (http: //www.imtech.res.in/raghava/hlapred/), we demonstrated that the binding thresholds for peptides C and E for HLA-DRB1*1502 were 7 and 6, respectively, whereas the binding threshold of HLA-DRB1*1501 to peptide C was 7 (1).
The phenotype of Lsr2-induced IFN-␥-producing T cells was established by flow cytometry in representative PBMC cultures from 3 patients with active ENL (Fig. 4) . The predominant population with intracellular IFN-␥ was the CD3 ϩ CD4 ϩ phenotype, which was found in 73.5 to 82.4% of T cells, whereas the CD3 
CD8
ϩ phenotype was found in 11.2 to 15.3%. M. leprae-stimulated cultures also showed intracellular IFN-␥ in 60 to 68% of CD3 ϩ CD4 ϩ T cells, with 27 to 31% being of the CD3 ϩ CD8 ϩ phenotype. That the CD4 ϩ /CD8 ϩ ratio was altered by Lsr2 stimulation is indicated by the data shown in Fig. 4 , which demonstrate that the ratios for Lsr2-and M. leprae-stimulated cultures were, respectively, 7.03 and 2.2. It may be noted that both antigens also elicited intracellular IFN-␥ in the CD3 Ϫ population (6.1 and 5.4% for Lsr2 and M. leprae, respectively). Thus, it would appear that there is a flux in T cell responses, with different peptides/Lsr2 sequences being recognized in patients with ENL compared to patients from the same population with nonreaction lepromatous leprosy.
Reversal reactions. (i) Ex vivo lymphoproliferation.
Five patients with a leprosy background of BB, BL, and LL developed RR limited to the lesions and neighboring nerves, with two having suffered from a previous reaction episode (Table 1) . Table 3 shows lymphoproliferation and IFN-␥ release in PBMCs stimulated with Lsr2 peptides, M. leprae, and recombinant Lsr2. Commensurate with the findings in ENL, 4/5 patients showed lymphoproliferation to all peptides, Lsr2, and M. leprae. Individual responses showed variations in ⌬cpm and SI for the same peptide. Reduced responses to all peptides except peptide E were observed in patients 17 and 19. Peptide E was recognized in all RR patients, with SI values ranging from 7.4 to 38.
(ii) IFN-␥ release in stimulated PBMC cultures. In agreement with lymphoproliferation data, IFN-␥ release was also detected in stimulated PBMCs (Table 3) . Peptide E stimulated higher levels of IFN-␥ compared to other peptides.
There were no statistically significant differences in lymphoproliferation and IFN-␥ levels between patients with ENL and those with RR (two-tailed Mann-Whitney test).
DISCUSSION
Leprosy reactions which appear episodically in a proportion of patients have high morbidity and are of immediate clinical concern, as they lead to peripheral nerve damage. These reactions are also of interest because immunological reconstitution has been shown to occur in anergic lepromatous leprosy during these episodes (25, 26) . ENL, earlier thought to be predominantly due to immune complexes (27, 28) , was shown in the 1980s (25, 26, 29, 30) to be associated with the transient emergence of T cell functions. RR has also been associated with increases in delayed-type hypersensitivity (31) . Lsr2 peptides had been reported to elicit T cell responses in PBMC cultures of some patients with stable lepromatous leprosy who were nonresponsive to heat-killed M. leprae (1). Moreover, sequence-specific antibodies to Lsr2 peptides were also observed in patients with ENL (16) . The present investigation was undertaken to investigate whether T cells of patients undergoing leprosy reactions also show recognition of selective Lsr2 peptides.
T cell responses to Lsr2 and its peptides occurred during both RR and ENL reactions. In general, patients with ENL showed lymphoproliferation in response to many of the peptides as well as recombinant Lsr2 and M. leprae ( Fig. 1 and Table 2 ). Some individuals showed universally high SI values for all peptides (Fig. 1) . The median SI values were highest for peptide E compared to Lsr2 and other peptides (P Ͻ 0.01 by ANOVA). It is of interest that there was a change in peptide recognition in patients with ENL compared to those with stable, nonreaction lepromatous leprosy from the same population (1) . Whereas all patients with ENL responded to peptides A and F, recognition or these peptides occurred in only 26 and 28%, respectively, of patients with stable nonreaction LL who were in the same population (1) . The other peptides also elicited lymphoproliferation in a greater number of patients with ENL (75 to 88%) compared not only to those with Further evidence for the engagement of functional T cells in ENL was the high secretion of IFN-␥ in culture supernatants of stimulated PBMC cultures (Fig. 2) . In agreement with the lymphoproliferative responses, some patients showed high IFN-␥ in response to all peptides, with the highest level being elicited by peptide E, followed in decreasing order by peptides D and A. IFN-␥-producing cells in Lsr2-stimulated PBMC cultures were predominantly of the CD3 ϩ CD4 ϩ T cell phenotype, as indicated by flow cytometry (Fig. 4) . Thus, not only was antigen-specific T cell recognition observed during reactions, but there was also a shift in the peptide recognition of Lsr2, for which peptides A, F, and E showed high numbers of responders. These peptides had been shown earlier to have high transporter-associated protein (TAP)-binding scores, with the sequence of AAIREW in peptide E showing a score of 8.602 (1) . The RGR sequence seen in the D and E peptides has been also reported to be critical for the binding of Lsr2 to the AT region of the DNA minor groove of M. tuberculosisderived Lsr2 (10) .
The duration of the T cell responses in ENL was studied in the same patients at 6 months and 1 year after the onset of the reaction and months after the cessation of antireaction steroid therapy. It was not possible to study these responses prior to onset of the reaction except in 2 patients who had shown unresponsiveness to all antigens. Although lymphoproliferative responses were reduced by 6 months in 2 patients, the others continued to show SI values of Ͼ2 for all peptides. By 1 year there were significant reductions in both lymphoproliferation and IFN-␥ levels to Lsr2 and all peptides, with P values ranging from Ͻ0.05 to 0.001 (twotailed Mann-Whitney test, Fig. 2 and Table 2 ). Two patients with recurrent ENL showed nonresponsiveness to all peptides at 1.5 years and 5 years, with one of the patients continuing to show lymphoproliferation and IFN-␥ release in response to recombinant Lsr2. Thus, it would appear that even after the clinical signs of reaction have subsided, T cell responses to Lsr2 and its peptides continue to be detectable, with the extent of peptide recognition decreasing over time in many patients. In five patients with RR, similar results were observed with regard to lymphoproliferation and IFN-␥ secretion, for which peptide E elicited the highest responses among the peptides. We were unable to undertake serial investigations in this group. There were no statistically significant differences in the T cell responses during reactions in patients with RR and ENL (two-tailed Mann-Whitney test). It is of interest that reactions emerged in patients receiving clofazamine as part of the antileprosy MDT regimen, as clofazamine is considered to have anti-inflammatory anti-tumor necrosis factor alpha (TNF-␣) properties, suggesting the complexity of mechanisms underlying leprosy reactions.
The recurrent ENL observed in many patients with lepromatous leprosy suggests that in response to selective epitopes of M. leprae antigen-specific T cell functions emerge periodically which may be revealed during bacterial killing. The characteristic immunoreactive T cells associated with transient and limited proliferative responses with high levels of IFN-␥ production and cytotoxic function have been linked to a subset of effector memory (T EM ) cells in antigen-primed individuals (32) (33) (34) . Repetitive antigen exposure is known to activate T EM cells. Continuous exposure to antigens is observed in bacilliferous lepromatous leprosy due to the chronicity of the disease, slow clearance of bacilli, and release of antigenic fragments from degraded bacilli following MDT treatment. Moreover, in areas where this disease is endemic, it is not possible to rule out the possibility of reinfection with bacilli from other infected patients. The present study showing restitution of lymphoproliferation and IFN-␥ production after Lsr2 and peptide stimulation is suggestive of a role for T EM cells. Their reactivation may explain the recurrent reactions seen in multibacillary lepromatous leprosy and the associated pathology unique to these episodes. Interestingly, HIV patients who had received retroviral therapy (highly active antiretroviral therapy [HAART]) presented with leprosy reactions as the first indicator of latent leprosy, which was interpreted to be a result of immune reconstitution inflammatory syndrome (IRIS) (35, 36) . This further endorses the natural or iatrogenic emergence of immune responses in leprosy.
Sequences of peptide E showed homology in M. avium, M. intracellulare, and M. tuberculosis (1) . T cell epitopes in M. tuberculosis are evolutionarily hyperconserved, suggesting a coevolution of host-pathogen adaptation (37) . Lsr2, with increasing reports of homologues and orthologues, suggests such an evolution and makes this protein a promising candidate to be explored as a disease marker/predictor in leprosy reactions. Additional studies are required to narrow down the critical Lsr2 residues recognized during and before the onset of leprosy reactions.
